The soybean (Glycine max L.) vegetative storage proteins VSPa and VSPP are vacuolar glycoprotein acid phosphatases (Franceschi et al., 1983; Wittenbach, 1983; DeWald et al., 1992) that are abundant in apical tissues of soybean seedlings including leaves, stems, and cotyledons (Mason et al., 1988; Staswick, 1989a; Mason and Mullet, 1990) . In more mature plants, Vsp expression is high in young leaves, developing pods, and flowers, but low in roots, mature seeds, and expanded leaves (Staswick, 1989a; Mason and Mullet, 1990) . Removal of developing pods from soybean plants or petiole girdling to block transport from leaves causes the accumulation of the VSPs and their mRNAs (Wittenbach, 1983; Staswick, 1989b ). This pattem of expression is consistent with the role of the VSPs as a temporary sink for carbon and nitrogen, as proposed by Wittenbach (1983) .
Two synergistic regulators of Vsp expression have been identified: JA and sugars (SUC, Glc, or Fru) (Anderson, 1988; Mason and Mullet, 1990; Mason et al., 1992) . High expression of the Vsp in soybean seedling hypocotyl hooks is paralleled by elevated levels of jasmonate and sugars relative to mature 
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root tissue (Mason et al., 1992) . Addition of 10-6 to lOW5 M MeJA to soybean cell cultures induces accumulation of Vsp mRNA but only in the presence of SUC, Glc, or Fru (Mason et al., 1992) . Wounding of soybean tissue leads to accumulation of jasmonate (Creelman et al., 1992) and Vsp mRNA (Mason et al., 1992) . However, wounding of soybean leaves induces Vsp mRNA accumulation only when plants are illuminated. These results are consistent with the need for both inducers to activate Vsp expression. In a recent study, we found that the VspB promoter contains a 50-bp jasmonateresponse domain located at -535 to -585, which was separable from a sugar-response domain located within the first 520 bp of the promoter (Mason et al., 1993) .
Although Vsp expression pattems observed in soybean can be explained for the most part by levels of jasmonate and sugars, some responses require additional investigation. For example, we recently found that jasmonate levels are elevated in root tips, a region of low Vsp mRNA leve1 (R.A. Creelman and J.E. Mullet, unpublished data). In addition, there is no explanation for why Vsp expression is inhibited in nitrogenlimited plants (Staswick et al., 1991) , and the molecular basis of cell-specific localization of the VSP in epidermal and vascular cells of soybean leaves has not been elucidated (Huang et al., 1991) . Other genes such as the proteinase inhibitor genes are responsive to many of the same stimuli that modulate the Vsp, such as wounding, MeJA, and sugars (Farmer and Ryan, 1990; Johnson and Ryan, 1990; Farmer et al., 1992) . The genes encoding proteinase inhibitors are stimulated by ABA (Pena-Cortes et al., 1989) and inhibited by auxin (Keman and Thomburg, 1989) . Therefore, in this paper we examined Vsp responsiveness to auxin, ABA, and cytokinin. We find that ABA and cytokinin have only small effects on Vsp mRNA accumulation, whereas auxin is a potent inhibitor of jasmonate/sugar-stimulated gene expression. Analysis of Vsp promoter constructs showed that auxin strongly inhibits the activity of the Vsp's sugar-responsive domain. Plant Physiol. Vol. 104, 1994
Plant Material and Crowth Conditions
Soybean (Glycine max Merr.) suspension cells were cultured in 58 mM Suc-containing media in constant light (200 FE m-' s-') with shaking as described previously (Mason et al., 1992) . Any changes in the growth conditions of these cells are noted in the figure legends. Harvest of suspension cultures was accomplished by filtering cells from the media and freezing them in liquid nitrogen, with storage at -8OOC for subsequent nucleic acid extraction. Soybean plants (cv Williams 82) were grown in tubs of potting soil (Metromix 360) with 14-h days (350 pE m-' s-', 26OC days, 23OC nights). Plants were kept well watered with half-strength Hoagland medium until at least seven fully expanded leaves were present. At this point, L3 or L4 (mature) leaves were excised at the petiole for uptake experiments (Mason et al., 1992) . Excised leaves were kept under constant light (250 @E m-'s-') at 25OC for the duration of the treatment in a ventilated chamber. During a 24-h period under these conditions, the leaves would take up solution volumes equal to approximately 3-fold their mass on a w/w basis.
Transgenic Tobacco and CUS Assays
Transgenic tobacco (Nicotiana tabacum cv Samsun) plants were grown from seed in magenta boxes containing selection media. Two-week-old seedlings were transferred to potting soil (250 pE m-' s-', 25OC) and uptake experiments were performed using leaves from 6-to 8-week-old plants. The VspB promoter-Gus fusion transformant used in this study contained the MeJA-responsive domain of the promoter (region -535 to -585) linked to a cauliflower mosaic virus minimal promoter (-88) and a 5' nontranslated region of tobacco etch virus DNA (see Mason et al., 1993, fig. 8 , 'construct I*). Glucuronidase activity was measured by the fluorometric assay technique (Jefferson et al., 1987) . Protein concentrations were determined using the Coomassie G-250 dye-binding assay (Bradford, 1976) . GUS activity is expressed as mo1 of 4-methylumbelliferone per mg of protein per min.
RNA Extraction and Quantitation
Total nucleic acid was isolated, fractionated on 1% agarose gels, blotted to nylon membranes (UV-cross-linked then baked for 1 h), and hybridized with DNA or antisense RNA probes essentially as described (Mason et al., 1992) . The probes used to specifically detect either VspA or VspB were prepared by described techniques (Mason and Mullet, 1990) . The RNA probe synthesized for detection of both VspA and VspB transcripts was prepared by linearizing the H1 cDNA clone (Mason et al., 1988 ) (VspA, inserted at the EcoRI site of Bluescript [KS] ) with XbaI and the use of T3 RNA polymerase. The antisense P-tubulin probe was synthesized as described (Mason et al., 1992) . Template for the LoxA probe was a gift from Dr. Erin Bell, and the probe was prepared by the random-primer technique as described in an earlier report (Bell and Mullet, 1991) . Hybridization conditions for RNA probes were 65OC (50% formamide, 1 X PE buffer (0.2% BSA, 0.2% PVP, 0.2% Ficoll, 50 m~ Tris-HC1, pH 7.5,0.1% sodium pyrophosphate, 1% SDS, 5 m~ EDTA), 5X SSC, 0.15 mg/ mL salmon sperm DNA) for 16 h with shaking (Mason et al., 1992). These blots were washed once with 2X SSC, 0.5% SDS for 10 min, and twice with 0.2X SSC, 0.5% SDS for 10 min at 65OC. Hybridization of DNA probes was done at 45OC, and washing was performed at 55OC in the solutions described above. Radioactivity in specific bands on the blots was quantified by scanning blots with a Betascope 603 (Betagen) blot analyzer, and data are presented as relative (Figs. 1 and 4, mean f SD) mRNA units for each probe.
Protoplast lsolation and Transfection Assays
A 369-bp VspB promoter fragment (-535 to -168) that mediates response to sugar was prepared by PCR using pBIlO1-H DNA as a template (Mason et al., 1993) . The PCR promoter fragment was designed with flanking restriction endonuclease recognition sequences and inserted in a vector (pBI132) containing a cauliflower mosaic virus 35s minimal promoter (-88), tobacco etch virus 5' nontranslated leader, and the Gus coding region (Mason et al., 1993) , to yield pBI132-13. Protoplasts were obtained from leates of 4-to 6-week-old tobacco plants essentially as described (Saul et al., 1988) . Dissected leaves were digested with enzymes (2% cellulase R-10,1% macerozyme R-10, Yakult Pharmaceutical) for 2 to 3 h at 30OC. Released protoplasts were purified by centrifugation on a Percoll pad (60% Percoll, 0.4 M mannitol, 0.1 M Mes, pH 5.8), followed by sequential washes in mannitol and W5 solution (Saul et al., 1988) . Transfections were accomplished in a mannitol-magnesium solution with protoplast concentrations of 3 x 105 to 5 x i05/iO0 pL. One to 5 pg of plasmid DNA were added to each sample just prior to transfection in a Mes-buffered PEG-4000/CaC12 solution as described. After transfection, protoplasts were transferred to a medium containing osmoticum (mannitol) with and without Suc (at constant total molarity of Suc plus mannitol) and incubated for 48 h in constant light (150 pE m-'s-') at 23OC before harvest.
RESULTS

Auxin Represses MeJA-lnduced Vsp Expression in Soybean Suspension Cells
Suspension-cultured soybean cells were utilized to examine the effects of the synthetic auxin NAA on MeJA-induced VspB expression. In this suspension culture, basal expression of VspB is not affected by auxin treatment (Anderson, 1991) . Previous research showed that VspB expression is induced in cultures containing 5 to 58 m~ Suc in response to micromolar quantities of MeJA and JA (Mason and Mullet, 1990; Anderson, 1991; Mason et al., 1992) . The media used for propagation of soybean cells in our laboratory contained 5.4 PM NAA, which demonstrated that MeJA-induced Vsp expression was observed in the presence of auxin. However, Figure  1 shows that MeJA induction of VspB was maximal in the absence of auxin and was reduced by addition of 1 and 10 p~ NAA. When NAA was present in the culture media at equimolar concentrations with MeJA, the effect of MeJA on Vsp expression was minimal. P-Tubulin mRNA levels were relatively constant for a11 treatments (Creelman and Mullet, 1991 
Auxin Represes Vsp Expression in Excised Leaves
Mature leaves excised from soybean plants at the junction of the petiole and stem serve as a good system to analyze the induction of Vsp expression because nonstimulated levels of Vsp mRNA are low and inducers can be added through the transpirational stream (Mason and Mullet, 1990) . Although expression of Vsp in petioles and leaves was examined, data obtained using petiole RNA is presented because Vsp expression is altered more rapidly, and to a greater extent, ir, this tissue than in leaves.
Excised trifoliates with attached petioles were placed in solutions with and without MeJA and NAA (Fig. 2) . Control trifoliates were removed from plants without any treatment; these tissues contained low levels of Vsp mRNA. Samples placed in water for 24 h exhibited somewhat elevated levels of Vsp mRNA, most likely due to stem excision. The petioles of trifoliates placed in 10 p~ NAA had Vsp transcript levels equivalent to the controls. The highest Vsp mRNA levels were detected in samples treated with 10 p~ MeJA in the absence of auxin. Treatment with 10-7 M NAA and 10-6 M MeJA partially inhibited Vsp mRNA accumulation, and Vsp mRNA levels were reduced to control levels when both NAA and MeJA were present in the solution at 10-5 M. @-Tubulin mRNA levels varied minimally in these samples. Addition of 5 X 10-6 M kinetin plus 10-5 M NAA did not reverse the inhibition observed with NAA alone (data not shown).
NAA Rapidly Blocks the Accumulation of MeJA-lnduced Vsp mRNA Levels
The data shown in Figure 3 indicate that MeJA-induced Vsp expression is inhibited when mature trifoliate petioles are removed from MeJA solutions and placed in solutions of 'o NAA. These data indicate that auxin treatment blocks further accumulation of Vsp mRNA within 2 h after onset of NAA treatment and causes Vsp mRNA levels to retum to the levels found in unstimulated tissue after 6 h of NAA uptake. Vsp mRNA levels did not decline when MeJA-treated trifoliates were transferred to H20 after 12 h. This may reflect continued Figure 3 . Time course of NAA-induced decrease in Vsp mRNA levels in mature soybean leaf petioles. Expanded trifoliates were excised as described in Figure 2 , and petioles were placed in solutions of 10-5 M NAA or 10-5 M MeJA for the times indicated. If petioles were placed in MeJA and NAA, they were first treated with MeJA and then the petioles were placed in NAA solutions. The antisense probe hybridized to both VspA and VspB. Radioactivity on blots was quantified as described in Figure 1 . The results in Figure 4 show that IAA, like NAA, inhibits MeJA-induced accumulation of Vsp transcripts in excised mature trifoliates kept in constant light. The less active auxin (Wightman and Lighty, 1982) PAA was less inhibitory. In addition, uptake of either IAA or NAA solutions caused a decrease in Vsp transcript level in leaves that had been crushed with a hemostat and kept in the light. This treatment causes an increase in MeJA/JA level and activates Vsp mRNA accumulation (Mason et al., 1992) . PAA had little effect on the Vsp mRNA accumulation in wounded leaves.
Soybean Lox mRNA levels increase when seedlings are treated with MeJA (Bell and Mullet, 1991) . The soybean LoxA gene used in this study is developmentally regulated and responds to JA/MeJA, wounding, and plant illumination (Bell and Mullet, 1991) . The data presented in Figure 4 demonstrate that MeJA induction of LoxA mRNA is inhibited by auxin. MeJA-induced VspB and LoxA mRNA accumulation are not altered by simultaneous treatment with ABA. antisense RNA probe specific for VspB mRNA was synthesized by methods described in the text. The DNA probe directed against LoxA mRNA was generated by the random primer labeling method described in the text. Values in t h e graphs are means f SD of samples from two independent experiments, except the "Wound/ P A A sample, which was derived from one experiment.
Auxin Alters Suc-Modulated Vsp Expression
The VspB promoter contains DNA domains that mediate responses to MeJA and sugars (Mason et al., 1993) . Because these domains act synergistically, inhibition of Vsp expression by auxin could result from antagonism of either of these inducers. As a first step in detennining the mechanism of auxin action, we tested and found that auxin inhibited MeJA induction of full-length VspB promoter (800 and 1500 bp)-Gus fusions. In contrast, Figure 5 shows that auxin had only a small effect on MeJA induction of constructs containing a MeJA-responsive domain of the VspB promoter.
To test if auxin was inhibiting action of the Vsp sugarresponsive domain, a 369-bp portion of this domain (spanning -536 to -168) was inserted into a cauliflower mosaic virus 35s-Gus minimal promoter construct similar to the one used to test the MeJA-responsive element. This construct (pBI132-13) was transfected into tobacco protoplasts, and, after washing, protoplasts were transferred to media containing various levels of SUC. The results in Table I show that addition of 0.2 M Suc to the media increased Gus expression approximately 10-fold. Addition of IAA to protoplasts in the absence of Suc had little effect, but IAA inhibited Sucstimulated Gus expression. Suc also enhanced (2-fold) and auxin repressed expression of Gus from control plasmids that lacked the VspB sugar-reponsive element (pBI132). This may indicate that Suc and auxin modulate basal transcription activity to a small extent.
DISCUSSION
We have previously shown that Vsp mRNA levels are increased when illuminated soybean leaves are wounded or treated with MeJA, or by addition of MeJA and sugars to soybean cell cultures. In this paper we demonstrate that auxin 
can repress Vsp mRNA accumulation normally induced by the treatments described above. IAA and NAA were both effective inhibitors of Vsp induction, whereas the less active (Wightman and Lighty, 1982; Theologis et al., 1985) auxin analog PAA inhibited Vsp expression much less effectively. Slight inhibition of Vsp expression by NAA could be observed at 10-7 M, although 10-6 to 10-5 M NAA was required to observe greater than 50% inhibition. Auxin concentrations ranging from 10-6 to 10-5 M are sufficient to modulate gene expression and alter growth (Hagen and Guilfoyle, 1985; Theologis et al., 1985; McClure and Guilfoyle, 1987) .
Half-maximal accumulation of Vsp mRNA occurred approximately 12 h after initiation of treatment with MeJA in excised trifoliates. The MeJA-induced expression of Vsp in soybean trifoliate petioles was decreased to basal levels within 6 h when the petioles (with trifoliates attached) were removed from MeJA and placed in auxin-containing solutions. Although it was unclear whether auxin was disrupting transcription or decreasing Vsp transcript stability, the effect of auxin was realized more rapidly than the induction.
We previously reported that ABA does not induce expression of the Vsp (Mason and Mullet, 1990) . ABA also did not alter induction of Vsp by MeJA and sugars. The ratio of auxin and cytokinin modulates organogenesis (cf. Smigocki and Owens, 1989) . Cytokinin is normally present in the soybean cell culture at 0.93 p~. Addition of 1 or 5 I.LM cytokinin to auxin/MeJA solutions used to treat soybean petioles did not reverse auxin repression of Vsp mRNA accumulation.
Auxin has been shown to alter the levels of specific mRNAs and polypeptides (Baulcombe and Key, 1980; Zurfluh and Guilfoyle, 1980; Walker and Key, 1982) . In this study, addition of 10 p~ auxin had little effect on P-tubulin mRNA levels but inhibited Vsp and LoxA mRNA accumulation. Expression of LoxA is stimulated by wounding, MeJA, and illumination, similar to expression of Vsp (Bell and Mullet, 199 1). Auxin has previously been reported to inhibit the synthesis of vacuolar proteins in tobacco mesophyll cells (Meyer et al., 1987) . It is interesting that the VSPs are localized in soybean vacuoles (Wittenbach, 1983) . Although the LoxA gene product has not been localized, lipoxygenase has been reported in soybean vacuoles (Tranbarger et al., 1991) . Accumulation of a third wound-inducible, vacuolarlocalized protein, PI 11, is also inhibited by auxin (Thomburg and Li, 1991; Thomburg et al., 1993) . Wounding has been reported to reduce auxin levels approximately 2-to 3-fold in leaves (Thomburg and Li, 1991) . A decrease in auxin in wounded tissue, combined with wound-induced increases of jasmonate (Creelman et al., 1992) , may contribute to wound induction of Vsp, LoxA, and the gene encoding PI 11.
Induction of Vsp expression in soybeans requires the presente of sugars and jasmonate. When either inducer is limiting, Vsp expression is inhibited. Therefore, auxin could inhibit Vsp expression by antagonizing the activation of this gene by jasmonate or sugar or through some other mechanism. As a first step in determining the mode of auxin action, we tested auxin's ability to inhibit the activity of domains of the Vsp promoter that respond to jasmonate or sugar. Auxin had only a small effect on the activity of the jasmonate domain. In contrast, 1 O-5 M NAA completely inhibited sugar-induced expression of Gus in protoplasts, which is mediated by the Vsp sugar-responsive domain. Based on this result, we conclude that auxin inhibition of Vsp expression is mediated, in part, by antagonizing the ability of sugars to activate the Vsp promoter. Auxin inhibition of PI I1 and LoxA expression may have a similar explanation, because PI I1 expression is dependent on sugars and LoxA expression is elevated in illuminated plants, perhaps through accumulation of carbohydrate.
